Abstract Acid-treated montmorillonite-rich clay and amines (methylamine, morpholine, and aniline)-modified clay adsorbents were investigated and their abilities to remove chromate from aqueous solution were studied. For the later purpose, kinetic studies were carried out under different operating conditions (chromate concentration, adsorbent content, and temperature), and adsorption isotherm measurements were performed. It was found that the kinetic of adsorption was fast and the data followed the pseudo-second rate equation. The rate of adsorption was controlled by the intra-particle diffusion and mass transfer through the liquid film, and the relative importance of these limiting steps depended on the operating conditions. Chromate adsorption was an endothermic process and took place spontaneously by physisorption. The free energy at 25 B T B 40°C varied from -1.5 to -46 kJ/mol. Adsorption isotherms of Na ? -saturated clay (AN), acidtreated clay (AA), and methylamine-clay and morpholineclay (A-Me, A-Mo) were type V, whereas those of aniline-clay (A-An) were type III. The estimated maximum uptakes were 105, 29, 15, 11, and 10 mmol/kg for A-An, AN, A-Mo, AA, and A-Me, respectively. The mechanism of chromate adsorption was discussed based on the shape of the isotherms. Considering for instance the most efficient absorbent (A-An), the isotherm followed the Freundlich equation and hydrogen chromate (the main stable form at working pH) adsorbed to solid particles once aniline species were entirely desorbed.
Introduction
Cr(VI)-based salts are used in, amongst others, tanning and electroplating industries. Effluents from these industries are loaded with Cr(VI) compounds such as chromates. As a powerful oxidant, hexavalent chromium is one of the most hazardous substances (Sarkar et al. 2010) . Thus, its removal from aqueous solution has received much attention (e.g., Mohan and Pittman 2006) .
Swelling clay minerals, particularly those of the smectite group, have high specific surface area and cation exchange capacity. Thereby, they are suitable to remove heavy metals and cationic dyes from aqueous solutions (Murray 2007) . However, as negatively polarized minerals, they cannot fix hazardous anionic chemical species, such as chromate, nitrate, arsenate, etc. Retention of anions and improvement of adsorption of cationic pollutants in aqueous solutions using clays were possible by adopting appropriate chemical modifications of clays (acid activation, intercalation, treatment with organic compounds) (e.g., Bergaya and Lagaly 2001; Yariv and Cross 2001; Komadel and Madejová 2006; Lagaly et al. 2006; Lee and Tiwari 2012) .
Removal of hexavalent chromium from aqueous solutions by organo-clays has been extensively studied (Atia 2008; Huang et al. 2008; Brum et al. 2010; Zhou et al. 2010; Hu et al. 2011; Lee et al. 2011 ). However, less attention was paid to the use of organo-clays with simple amine molecules. Thus, in the present study, amines (methylamine, morpholine, aniline)-modified clay adsorbents were prepared and their potential adsorption of chromate from aqueous solutions was tested. The adsorption abilities of sodium-saturated clay and acid-treated clay samples were also investigated. For these purposes, kinetic studies and adsorption isotherm measurements were carried out.
Materials and experimental procedures
The basic material for sorbents preparation was a naturally occurring clay composed of montmorillonite (88 wt %), quartz and feldspar (9 wt %), and calcite (3 wt %). Its specific surface area and cation exchange capacity were 608 m 2 /g and 1.15 meq/g, respectively. It was sieved (\80 lm) and saturated with Na ? according to the experimental procedure described in Hajjaji et al. (2001) .
To prepare the acid-treated clay adsorbent (AA), a clay dispersion composed of 5 g of clay and 120 mL of HCl solution (6 N) was heated under reflux for 3 h. The sediment was isolated by centrifugation, washed with distilled water and oven-dried.
For the aniline (C 6 H 5 NH 2 )-modified clay (A-An) preparation, 100 mL of Na ? -saturated clay (10 g) was mixed with a solution of aniline composed of 20 mL of pure aniline (Janssen Chimica) and 80 mL of HCl solution (1 N). The same experimental procedure was adopted for the preparation of the methylamine (CH 3 NH 2 )-clay (AMe) and morpholine (C 4 H 9 NO)-clay (A-Mo) adsorbents.
For the study of chromate adsorption kinetic, 40 mL of potassium chromate solutions (0.1, 0.04 and 0.02 mmol/L) were mixed with 16 mL of aqueous solutions of prepared adsorbents (0.5 g/L). pH of the mixture was fixed at four by adding drops of HCl (1 M) or NaOH (1 M). The temperature was maintained constant (25, 32 and 40°C) . Each mixture was continuously homogenized by means of a magnetic stirrer (250 rpm). Samples were picked up from the mixture at regular times and subjected to centrifugation. The instantaneous concentration (C t ) of chromate in the supernatant was determined by UV-visible spectrometry following the method given in Basset et al. (1986) , and the adsorbed amount of chromate per mass of adsorbent (q t ) was calculated: q t = (C o -C t )ÁV/m (C o initial concentration of chromate, V volume of chromate solution and m mass of the adsorbent used).
For the adsorption isotherm measurements, 16 mL of aqueous dispersions (0.5 g of adsorbent per liter) were mixed with 64 mL of chromate solutions (up to 40 mmol/L) and kept at 25°C for 4 h. pH of the mixture was maintained constant as previously mentioned. The supernatant was separated by centrifugation and the content of chromate was measured by UV-visible spectrometry and the uptake amount was deduced using the above relation.
The X-ray diffraction analyses were performed with a PHILIPS X'Pert MPD X-ray diffractometer, using a copper anticathode (K a = 1.5418 Å ). The operating conditions were: generator voltage 40 kV, tube current 30 mA, scan step size 0.05, time/step 0.5 s. The Fourier transform infrared (FT-IR) spectra were recorded with a Perkin Elmer spectrophotometer functioning in the range 4,000-400 cm -1 . For this purpose, thin pastilles consisting of 0.02 g of adsorbents and 0.48 g of KBr were prepared.
Results and discussion
Characterization of the studied adsorbents As a result of the clay saturation by Na ? , the basal distance (d 001 ) of montmorillonite decreased from 15.7 to 13.2 Å (Fig. 1 ). This was due to the difference in the size of the hydration spheres of Na ? (5.6 Å ) and Ca 2? (9.6 Å ) (native compensating charge). The interlayer of the methylaminemodified clay also shrunk (Dd 001 = 2.6 Å ). In this case, methylamine species, whose IR bands manifested at 3,034, 2,859, 2,761, 1,467 and 1,428 cm -1 (Fig. 2) , were tied to clay particles. As far as the infrared analyses are concerned, the bands at 793 and 694 cm -1 , and 3,430 and 1,635 cm -1 were assigned to quartz and hygroscopic water (Farmer and Palmieri 1975) , respectively. The frequencies at 3,698, 3,624 and 913 cm -1 were related to montmorillonite (Hajjaji et al. 2001) . Protonated methylamine was placed in di-trigonal cavities of the sheets of montmorillonite as represented elsewhere (Rowland and Weiss 1961) . The manifestation of the extra X-ray reflexions at 3.1 and 6.2 Å (Fig. 1 ) may be linked to a long-range order of methylamine species within the interlayer space. Interlayer shrinkages were also recorded for aniline and morpholine modified clay samples (Dd 001 = 1.26 and 1.65 Å for A-An and A-Mo, respectively). It was believed that aniline species vertically placed in the interlayer of montmorillonite and tied to Na ? via water molecule (Yariv et al. 1969 ). Fixed aniline gave rise to the IR bands at 2,900, 2,593, 1,493 cm -1 (Fig. 2) . IR frequencies associated to fixed morpholine species manifested at 3,008, 2,865, 2,801, 2,722, 2,468 cm -1 as well as in the range 2,000-400 cm -1 (Fig. 2) . Acid etching of the clay resulted in an almost breakdown of the framework of montmorillonite and the formation of amorphous silica characterized by the X-ray reflection at 16°-31° (Fig. 1 ) and the IR band at 1,250-1,100 cm -1 (Fig. 2) .
Kinetic study
Effects of contact time and changes of concentration of chromate and dose of adsorbent Typical curves showing the instantaneous uptake amount of chromate by the studied sorbents are plotted in Fig. 3 . The kinetic of the adsorption of chromate was fast since the maximum uptake limit (q e ) was reached in \20 min. q e evolved linearly as a function of the initial concentration of chromate (q e = -(0.014 ± 0.004) ? (5.54 ± 0.06)C o ). A priori, the driving force in overcoming mass transfer resistance between the aqueous and the solid phases increased with the increase of the initial concentration of chromate. The kinetic data were analysed using the pseudo-first and pseudo-second kinetic equations (Ln(q eq t ) = Lnq e -k 1 t and t/q t = 1/k 2 q e 2 ? t/q e , respectively, t refers to time, k 1 and k 2 are the rate constants). As can be drawn from Table 1 , the pseudo-second kinetic equation well described the experimental results. Moreover, k 2 decreased in 0.02-0.06 mmol/L, and increased with further chromate initial concentrations.
The rate-limiting steps were evaluated based on the results of the internal diffusion model (q t = k ip t 0.5 , k ip Appl Water Sci (2015) 5:73-79 75 intra-particle diffusion constant) and the liquid film mass transfer diffusion model (Ln(1 -F(t)) = -k ld t; F(t) = q t / q e ; k ld liquid film diffusion constant) (Qiu et al. 2009 ). The fitting coefficients and the values of the parameters of the models are reported in Table 2 . Satisfactory fits were observed with the use of internal diffusion model, but the linear curves did not pass through the origin (C = 0). So, secondary processes (film transfer, electrostatic interactions between chromate and sorbent active sites) were probably involved in the control of the kinetic rate.
Referring once again to the results of Table 2 , the resistance to the mass transfer diffusion across the liquid film could not be neglected for some adsorbents and initial concentrations of chromate. Moreover, the effect of the boundary layer diffusion, characterized by the magnitude of the constant C, increased with the increase of C o . The change of the clay dose had an effect on the equilibrium time, which varied in the span 5-100 min. High equilibrium times were observed for lower clay doses. The pseudo-second rate equation still described the kinetic data (R [ 0.999). The rate constants were in the ranges 1-9, 4-8 and 7-70 mmol/g min for 0.2, 0.5 and 1 g/L, respectively. The application of the above models (Table 3) showed that neither the intra-particle diffusion nor the liquid film diffusion was the sole rate-limiting step. Considering for instance AN, AA and A-Me adsorbents, the liquid film diffusion was the main rate-limiting step for the diluted solution (0.2 g/L). However, the internal diffusion was almost the predominant mechanism for solutions containing 0.5 and 1 g/L. Table 1 Values of the rate constants and fitting coefficients (R) related to the pseudo-first and pseudo-second kinetic equations Table 2 Values of the parameters of the internal diffusion and the liquid film mass transfer diffusion models calculated for different concentrations of chromate, and the correlation coefficients of the models Table 3 Values of the parameters of the internal diffusion and the liquid film mass transfer diffusion models calculated for different doses of the adsorbents, and the correlation coefficients of the models Considering the values of C (Table 3) , the thickness of the liquid film increased with the use of low dose of adsorbent. Likely because of this fact the adsorption kinetic was limited by liquid film mass transfer diffusion. In this respect, it may be noted that low correlation coefficients for both models were obtained. It seemed that adsorption rate was partially controlled by the interaction between chromate species and adsorbent active sites.
Effect of temperature and thermodynamic parameters
The change of temperature had no appreciable effect on the equilibrium time, and the kinetic data still followed the pseudo-second kinetic relation. The rate kinetic constants are given in Table 4 . k 2 evolved linearly as a function of 1/ T(K) only for AN and the activation energy in this case was estimated to 8.19 kJ/mol. The results of the aforementioned models (not reported) showed that adsorption kinetic was not wholly controlled by the intra-particle diffusion or by the liquid film mass transfer diffusion. Mechanisms involving interactions between chromate species and adsorbent particles were likely predominant at high temperature.
Thermodynamic values related to chromate adsorption on the studied adsorbents are shown in Table 5 . Based on the algebraic values of DG T (DG T = -RTLnK e , R gas constant, T temperature and K e the equilibrium constant (K e = q e /C e )) chromate adsorption took place spontaneously. The spontaneity of the process improved with the increase of temperature. Chromate adsorption was an endothermic process (DH°[ 0) and occurred by physisorption (DH°\ 40 kJ/mol) (Shiau and Pan 2004) . Considering the algebraic values of DS°, the fixation of chromate to adsorbent particles corresponded to a relatively ordered state.
Isotherm measurements and adsorption mechanisms
Adsorption isotherms related to the studied adsorbents are depicted in Fig. 4 . They were categorized as type V, except that of A-An, which identified to type III. The later isotherm expressed the presence of weak interactions at low concentrations of chromate, and the development of attractive forces at high concentrations. Similar phenomena took place for the other studied systems. However, in the later cases the accumulation of adsorbate species reached a limit revealed by the occurrence of a plateau.
Adsorption took place on heterogeneous sites and multilayers of chromate built around adsorbent particles, developing thus mutual interactions. Therefore, the isotherms did not follow the Langmuir equation (q e = K L-C e q m /(1 ? K L C e ), K L Langmuir constant, q m maximum uptake). The correlation coefficients were in the range 0.157-0.883. Conversely, the isotherms were quite described with the Freundlich equation (q e = K F C e 1/n ; K F and n are constants). The values of the constants and the fitting coefficients are reported in Table 6 .
In the operating acid medium (pH 4), hydrogen chromate (the most predominant ion) and positively polarized silanol and aluminol groups of montmorillonite developed attractive forces. Thereby, favourable adsorption occurred for AN. The same mechanism could happen in the case of AA. Nevertheless, the contribution of the amorphous silica to the adsorption process of chromate seemed to be insignificant. It may be noted that the infrared analyses (Fig. 5) had not manifest bands associable to chromate or its deriving species.
The shape of the isotherm of A-Me is explained by the presence of two consecutive processes: at low concentrations of chromate (initial plateau), HCrO -fixed intensively to clay particles, which resulted in the sharp increase of the uptake. The total release of CH 3 NH 3
? from A-Me was evidenced by infrared spectroscopy analyses (Fig. 5) . Similar adsorption processes happened with A-Mo. Nevertheless, in this case only a partial amount of morpholine was desorbed as revealed by the reduction of the intensities of infrared bands relevant to morpholine bonds (Fig. 5) . Regarding the adsorption behavior of A-An and based on the IR spectra of Figs. 2 and 5, aniline remained fixed to clay particles after chromate adsorption. Thus, the exceptional increasing uptake of hydrogen chromate could be linked to the implication of the electronic cloud of the aromatic ring. 
Conclusions
In acid solutions (pH 4), hydrogen chromate rapidly and spontaneously fixed to positively polarized montmorillonite particles of Na ? -saturated clay and acid-treated clay. The adsorption kinetic followed the pseudo-second order equation, and was limited by internal diffusion and/or adsorbate external transfer, depending on chromate concentration, clay amount and temperature. The adsorption isotherms fairly obeyed the Freundich equation and the maximum uptake limit for the acid-modified clay was about the third of that estimated for Na ? -saturated clay (29 mmol/kg) because of a partial breakdown of the framework of montmorillonite.
The kinetic behavior of chromate adsorption by methylamine-clay, aniline-clay and morpholine-clay was similar to that manifest by Na ? -saturated and acid-etched clay samples, and their relative adsorption isotherms also followed the Freundlich equation. The uptake limit of chromate increased in the following order: A-An [ A-Me [ A-Mo. The disparities were essentially linked to the relative ability of hydrogen chromate to desorb amine species. 
